Overcoming immune tolerance of the growth factors associated with tumor growth should be a useful approach to cancer therapy by active immunity. We used vascular endothelial growth factor (VEGF) as a model antigen to explore the feasibility of the immunogene tumor therapy with a vaccine based on a single xenogeneic homologous gene, targeting the growth factors associated with angiogenesis. To test this concept, we constructed a plasmid DNA encoding Xenopus homologous VEGF (XVEGF-p) and control vectors. We found that immunogene tumor therapy with a vaccine based on XVEGF was effective at both protective and therapeutic antitumor immunity in several tumor models in mice. VEGF-specific autoantibodies in sera of mice immunized with XVEGF-p could be found in Western blotting analysis and ELISA assay. The purified immunoglobulins were effective at the inhibition of VEGFmediated endothelial cell proliferation in vitro, and at antitumor activity and the inhibition of angiogenesis by adoptive transfer in vivo. The elevation of VEGF in the sera of the tumor-bearing mice could be abrogated with XVEGF-p immunization. The antitumor activity and production of VEGF-specific autoantibodies, significantly elevated IgG1 and IgG2b, could be abrogated by the depletion of CD4 ؉ T lymphocytes. The observations may provide a vaccine strategy for cancer therapy through the induction of autoimmunity against the growth factors associated with tumor growth in a cross reaction with single xenogeneic homologous gene and may be of importance in the further exploration of the applications of other xenogeneic homologous genes identified in human and other animal genome sequence projects in cancer therapy.
Overcoming immune tolerance of the growth factors associated with tumor growth should be a useful approach to cancer therapy by active immunity. We used vascular endothelial growth factor (VEGF) as a model antigen to explore the feasibility of the immunogene tumor therapy with a vaccine based on a single xenogeneic homologous gene, targeting the growth factors associated with angiogenesis. To test this concept, we constructed a plasmid DNA encoding Xenopus homologous VEGF (XVEGF-p) and control vectors. We found that immunogene tumor therapy with a vaccine based on XVEGF was effective at both protective and therapeutic antitumor immunity in several tumor models in mice. VEGF-specific autoantibodies in sera of mice immunized with XVEGF-p could be found in Western blotting analysis and ELISA assay. The purified immunoglobulins were effective at the inhibition of VEGFmediated endothelial cell proliferation in vitro, and at antitumor activity and the inhibition of angiogenesis by adoptive transfer in vivo. The elevation of VEGF in the sera of the tumor-bearing mice could be abrogated with XVEGF-p immunization. The antitumor activity and production of VEGF-specific autoantibodies, significantly elevated IgG1 and IgG2b, could be abrogated by the depletion of CD4 ؉ T lymphocytes. The observations may provide a vaccine strategy for cancer therapy through the induction of autoimmunity against the growth factors associated with tumor growth in a cross reaction with single xenogeneic homologous gene and may be of importance in the further exploration of the applications of other xenogeneic homologous genes identified in human and other animal genome sequence projects in cancer therapy.
A ctive specific immunotherapies with cancer vaccines based on tumor antigens represent very promising approaches to cancer therapy (1, 2) . However, to date, with the few exceptions of melanoma tumor antigens, there is still limited information on the identity and density of antigenic peptides and cytotoxic T lymphocyte epitopes presented by human solid tumors (1, 2) . Efforts are therefore continuing to develop a new strategy for cancer vaccines.
The generation of new blood vessels, or angiogenesis, is regulated by some growth factors, including vascular endothelial growth factor (VEGF) and fibroblast growth factors (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . The proliferation of tumor cells themselves is also regulated by some growth factors, including transforming growth factor ␣, amphiregulin, and IL-6 under certain circumstances (13) (14) (15) . It is conceivable that overcoming immune tolerance of these growth factors associated with angiogenesis or cancer cell growths may be a useful approach to cancer therapy by active immunity. However, an immune response to growth factors is presumably difficult to elicit with a vaccine based on autologous or syngeneic growth factors because of the immune tolerance acquired during the development of the immune system. Many genes were highly conserved during the evolutionary process, which was characterized by varying degrees of gene similarity among different species (16) . Many counterparts of the genes of human and mouse can be identified from the genome sequence of the fruit fly Drosophila melanogaster and of other animals such as Xenopus laevis (16) . For example, a comparison analysis made in the present study by searching the Swissprot database at the National Center for Biotechnology Information indicates that the Xenopus homologue of VEGF (accession no. AAB63680.1) (4) is 75% and 73% identical in mouse VEGF 164 (accession no. AAB22253.1) (3) and human VEGF 165 (accession no. BAA78418.1) (5), respectively, at the amino acid level.
As a strategy for cancer therapy, antiangiogenic therapy attempts to stop new vessels from forming around a tumor and to break up the existing network of abnormal capillaries that feeds the cancerous mass (6, 10, (17) (18) (19) (20) (21) (22) . VEGF has been known to be a potent vasculogenic and angiogenic factor (7) (8) (9) (10) (11) (12) . It has been reported that the abrogation of VEGF-induced angiogenesis, including the passive immunization of a neutralizing antibody against VEGF, can suppress tumor growth in vivo (12, 21) , suggesting that VEGF plays an important role in angiogenesis in tumor growth. Thus, VEGF may be used as a ideal model molecule to explore the feasibility of immunogene tumor therapy with a vaccine based on a single xenogeneic gene by overcoming the immune tolerance of growth factors associated with tumor growth in a crossreaction between xenogeneic homologous and self-molecules. To test this concept, we constructed a plasmid DNA encoding Xenopus VEGF (XVEGF-p). At the same time, the plasmid DNA encoding the corresponding mouse VEGF (MVEGF-p) and empty vector (e-p) were also constructed and used as controls. The vaccines were tested for the ability to induce antitumor immunity in several tumor models in mice.
Materials and Methods
Vaccine Preparation and Its Immunization. A cDNA clone encoding Xenopus homologous VEGF and that encoding the corresponding mouse VEGF 164 were isolated by PCR with the use of a X. laevis cDNA library and a mouse skeletal muscle cDNA library (CLONTECH), respectively. The amplified products were in-serted into PCR 2.1 plasmid (Invitrogen) and then subcloned into pSecTag 2A (Invitrogen), which contains a cytomegalovirus promoter. VEGF of Xenopus and mouse inserted into pSecTag 2A was named XVEGF-p and MVEGF-p, respectively. As a control, pure plasmid was used as an empty vector (c-p). The full-length sequence of Xenopus and mouse VEGF was confirmed by dideoxy sequence to be identical to those reported (3) (4) (5) . Plasmids for DNA vaccination were purified by using two rounds of passage over Endo-free columns (Qiagen, Chatsworth, CA), as reported (23) . The expression of plasmid DNA was confirmed in the transfected cells by reverse transcription-PCR and with the use of anti-VEGF antibodies in Western blotting analysis and ELISA. Meth A fibrosarcoma, MA782͞5S mammary cancer, and H22 hepatoma models were established in BALB͞c mice. Mice were immunized with different doses (5-150 g per mouse) of DNA vaccine in normal saline by intramuscular injection once a week for 4 weeks. Additional control animals were injected with normal saline. All studies involving mice were approved by the institute's animal care and use committee.
Western Blot Analysis. Western blot analysis was performed as described (24) . Briefly, recombinant VEGF proteins and other proteins were separated by SDS͞PAGE. Gels were electroblotted with Sartoblot onto a poly(vinylidene difluoride) membrane. The membrane blots were blocked at 4°C in 5% nonfat dry milk, washed, and probed with mouse sera at 1:500. Blots were then washed and incubated with a biotinylated secondary antibody (biotinylated horse anti-mouse IgG or IgM), followed by transfer to Vectastain ABC (Vector Laboratories). Recombinant mouse VEGF, human VEGF, and basic fibroblast growth factor (bFGF) were obtained from Sigma-Aldrich. Anti-placenta growth factor (PIGF) and bFGF antibodies were obtained from Santa Cruz Biotechnology. Recombinant Xenopus VEGF; mouse VEGF 120, 164, and 188 isoforms; VEGF-B and C; bFGF; and PlGF were expressed, refolded, and purified from Escherichia coli, as detailed (25) .
Purification of Ig, Its Inhibition of Cell Proliferation in Vitro, and Its
Adoptive Transfer in Vivo. Immunoglobulins were purified from the pooled sera derived from the mice at day 7 after the fourth immunization or from control mice by affinity chromatography (CM Affi-gel Blue Gel Kit; Bio-Rad). The inhibition of VEGFmediated endothelial cell proliferation was described (26) .
To assess the efficacy of Ig in antitumor in vivo, the purified Ig (10-300 mg͞kg) was adoptively intravenously transferred 1 day before mice were challenged with 1 ϫ 10 5 to 1 ϫ 10 7 tumor cells and then treated twice per week for 3 weeks.
Ig Subclass Response to VEGF Immunization in ELISA. The Ig subclass was determined by ELISA as described (27) . Briefly, VEGF was plated and blocked. Experimental mouse sera were serially diluted and added to wells. Plates were incubated for 2 h at 37°C, washed, and then incubated with serially diluted alkaline phosphatase-conjugated anti-mouse IgG subclass or anti-IgM or anti-IgA. Enzyme activity was measured with an ELISA reader (Bio-Rad).
Enzyme-Linked Immunospot Assay. The enzyme-linked immunospot assay for the enumeration of specific antibody-secreting cells has been described (28) . Briefly, poly(vinylidene difluoride)-bottomed 96-well Amicon multititer plates (Millipore) were coated with 30 g͞ml of VEGF. Mononuclear cells prepared from spleen were incubated on the plates at 37°C for 4 h. IgG bound to the membrane was revealed as spots with alkaline phosphatase-conjugated anti-mouse IgG antibodies.
In Vivo Depletion of Immune Cell Subsets. Immune cell subsets were depleted as described (29, 30) . Mice were injected i.p. with 500 g of either the anti-CD4 (clone GK 1.5, rat IgG), anti-CD8 (clone 2.43, rat IgG), anti-natural killer (NK) (clone PK136) mAb, or isotype controls 1 day before the immunization, and then twice per week for 3 weeks. Tumor cells (1 ϫ 10 6 to 1 ϫ 10 7 ) were challenged after the fourth immunization. These hybridomas were obtained from the American Type Culture Collection. The depletion of CD4 ϩ , CD8 ϩ , and NK cells was consistently greater than 98%, as determined by flow cytometry (Coulter Elite ESP) (31).
Micropocket Assay. The micropocket assay has been described (32) . Briefly, five mice in each group were immunized by vaccines continuously for 4 weeks or treated by adoptive transfer of purified immunoglobulins as described above before VEGFcontaining pellets were implanted into the cornea. Control groups included treatment with MVEGF-p, c-p, and saline alone or with immunoglobulins from the mice treated with MVEGF-p, c-p, and saline alone.
Immunohistochemistry. Frozen sections were fixed in acetone, incubated, and stained with an antibody reactive to CD31 as described (33) . The sections were then stained with labeled streptavidin biotin reagents (Dako LSAB kit, peroxidase; Dako). Vessel density was determined by counting the number of microvessels per high-power field in the sections as described (33) .
Statistical Analyses. For comparison of individual time points, ANOVA and an unpaired Student's t test were used (34) . Survival curves were constructed according to the KaplanMeier method (35) . Statistical significance was determined by the log-rank test (36) . Meth A fibrosarcoma cells, MA 782͞5S mammary cancer cells, and H22 hepatoma cells at day 7 after the fourth immunization. As shown in Fig. 1 , tumor grew progressively in all nonimmunized mice (saline alone) or in MVEGF-p or c-p-immunized mice, but there was significant protection from tumor growth in XVEGFimmunized mice. The protective effect was dose dependent. The dose (100 g per mouse) used in Fig. 1 is an optimal one selected for immunization in several preliminary experiments. Treatment with a 150-g dose did not show greater effect than that with 100 g. Treatment with a 5-to 15-g dose shows little effect.
Results

Induction of Protective
Induction of Therapeutic Antitumor Immunity. The therapeutic efficacy of XVEGF-p was next tested in the established tumors. The mice were treated starting at day 7 after the injection of Meth A fibrosarcoma cells, MA 782͞5S mammary cancer cells, or H22 hepatoma cells, when the tumor was palpable. Treatment with XVEGF-p once weekly resulted in significant antitumor activity (Fig. 2) . The survival of the tumor-bearing mice treated with XVEGF-p was also significantly greater than that of the controls (P Ͻ 0.0005).
The mice immunized with these vaccines have been investigated in particular for potential long-term toxicity for more than 1 year. No adverse consequences were indicated in gross measures such as weight loss, ruffling of fur, life span, behavior, and feeding. Furthermore, no pathologic changes in liver, lung, kidney, spleens, brain, heart, pancreas, intestines, or bone marrow were found by microscopic examination. In addition, hepatotoxicity was assessed once monthly for 14 months by the measurement of plasma alanine aminotransferase, aspartate aminotransferase, and direct bilirubin. At the same time, renal damage was assessed by measuring plasma urea nitrogen and creatinine. No abnormal changes were indicated by these biochemical analyses (data not shown).
Characterization of Autoantibodies Against VEGF and Their Antitumor
Efficacy. In an attempt to explore the possible mechanism by which antitumor activity was induced with XVEGF-p, we identified VEGF-specific autoantibodies in the immunized mice.
Sera from mice (eight of eight mice) immunized with XVEGF-p recognized not only recombinant Xenopus VEGF, but also mouse and human VEGF in Western blotting analysis (Fig. 3A) . However, the sera did not crossreact with VEGF-B and VEGF-C and other growth factors such as bFGF and PlGF. The sera isolated from controls show negative staining for VEGF and other growth factors (Fig. 3B) . Treatment with purified immunoglobulins isolated from XVEGF-p-immunized mice resulted in the apparent inhibition of VEGF-mediated endothelial cell proliferation (Fig. 4A ), but it had no effect on bFGF-mediated 0.05) between XVEGF-p-treated and control groups. A significant increase in survival in XVEGF-p-treated mice, compared with the control groups (P Ͻ 0.0005, by log rank test), was found with all three tumor models. The XVEGF-p-treated mice have been followed for more than 3 months. The survival rate of the mice was 50%, 60%, and 60% at day 90 for Meth A fibrosarcoma, H22 hepatoma, and MA 782͞5S mammary cancer, respectively.
proliferation. In addition, the immunoglobulins had no direct inhibitory effect on the proliferation of tumor cells (Meth A fibrosarcoma cells, MA 782͞5S mammary cancer cells, or H22 hepatoma cells) or endothelial cells (mouse SVEC4-10 cells and human umbilical vein endothelial primary cells) (data not shown). Furthermore, the abrogation of the elevation of VEGF in the sera of tumor-bearing mice was also confirmed with XVEGF-p immunization. For example, a median of 63 pg͞ml or 67 pg͞ml for VEGF values was present, respectively, in the sera of hepatoma-bearing mice that were not immunized or that were immunized with MVEGF-p in an ELISA assay, respectively, but the level for most mice immunized with XVEGF-p was undetectable, with a median of 2 pg͞ml (P Ͻ 0.01), similar to that of normal mice. Furthermore, the number of anti-VEGF antibodyproducing B cells was 76 Ϯ 28 per 10 5 mononuclear cells in the spleen of mice immunized with XVEGF-p, but was undetectable in mice immunized with MVEGF-p or c-p or in nonimmunized mice (10 mice). In addition, adoptive transfer of sera or purified Ig isolated from XVEGF-p-immunized mice provided effective protection against tumor growth (Fig. 4 B and C) . Adsorption of sera or Ig with recombinant VEGF before adoptive transfer could abrogate its antitumor activity (Fig. 4D) .
Angiogenesis was apparently suppressed within the tumors of mice treated by adoptive transfer of Ig isolated from XVEGFp-immunized mice or with XVEGF-p. Sequential analysis of the microvessel density was performed. The microvessel density gradually decreased as a result of the prolongation of the treatment (Fig. 5) . Moreover, the inhibition of angiogenesis in the mice treated by adoptive transfer of Ig from XVEGF-pimmunized mice or with XVEGF-p was confirmed by micro- Treatment of the mice with immunoglobulins from XVEGF-p-immunized mice (F) resulted in a significant increase in survival, compared with the other controls (P Ͻ 0.0005, by log rank test). (D) Protective antitumor effect against Meth A fibrosarcoma was tested with immunoglobulins from mice immunized with XVEGF-p and control vaccines, and immunoglobulins before adoptive transfer were adsorbed with VEGF or bFGF by the immunoadsorption method as detailed (51) . The adsorption of the immunoglobulins with VEGF (s) could abrogate the antitumor activity of immunoglobulins from XVEGF-p-immunized mice (F) (P Ͻ 0.0005, by log rank test), but bFGF (E) had no effect (P Ͼ 0.05). The control groups include immunoglobulins from the mice treated with saline alone (OE) and from MVEGF-p-or c-p-immunized mice (not shown). pocket assay. Blood vessel length, clock hours (the proportion of the circumference that is vascularized if the eye is viewed as a clock), and area of neovascularization in micropocket assay were inhibited by 62 Ϯ 8, 69 Ϯ 7, and 82 Ϯ 9%, respectively, in the mice treated with XVEGF-p, compared with those in nonimmunized mice (saline alone). Similar results could also be found compared with the other control groups.
Role of CD4 ؉ T Cells in Xenopus VEGF-Induced Antitumor Activity. The VEGF-specific Ig subclass response to XVEGF-p was also determined by ELISA and found to be elevated significantly in IgG1 and Ig2b in sera obtained from mice at day 7 after the fourth immunization, compared with the controls (Fig. 6A) . The mice depleted of CD4 ϩ T lymphocytes did not develop detectable antibodies against VEGF (Fig. 6A ) and were not protected from tumor challenge in XVEGF-p-immunized mice (Fig. 6B) . In contrast, treatment with anti-CD8 or anti-NK mAb or control IgG had no effect (Fig. 6 ). These data suggest that the induction of the autoantibody against VEGF, which is probably responsible for XVEGF-p-induced antitumor activity, may be involved in CD4 ϩ T lymphocytes.
Discussion
Several observations have been made in the present study concerning the vaccine based on Xenopus VEGF as a model antigen, antitumor immunity, and angiogenesis. The vaccine based on the Xenopus homologue of VEGF as a model antigen could induce both protective and therapeutic antitumor immunity. The autoimmune response against VEGF may be provoked in a crossreaction by the immunization of Xenopus VEGF, and the autoantibody targeting of VEGF is probably responsible for the antitumor activity. These suggestions are supported by our findings in the present study. VEGF-specific autoantibodies were identified by Western blotting analysis and ELISA assay. VEGF-mediated endothelial cell proliferation was inhibited in vitro by immunoglobulins from XVEGF-p-immunized mice. The elevation of VEGF in the sera of tumor-bearing mice was abrogated with XVEGF immunization. The antitumor activity and the inhibition of angiogenesis were acquired by the adoptive transfer of purified immunoglobulins. IgG1 and IgG2b were substantially increased in response to XVEGF-p. There were antitumor activity and production of VEGF-specific autoantibodies that could be abrogated by the depletion of CD4 ϩ T lymphocytes. Angiogenesis was apparently inhibited in tumor, and corneal angiogenesis was inhibited. In addition, the antitumor activity was also confirmed with the vaccine based on recombinant Xenopus VEGF protein and with the DNA vaccine based on quail VEGF (data not shown). Based on our findings mentioned above, we may rule out the possibility that the antitumor activity with Xenopus VEGF may result from the nonspecifically augmented immune response against tumor growth in host mice. Because our findings demonstrated that no increase in the NK activity of spleen cells or in the level of cytokines such as IFN-␣, IFN-␤, IFN-␥, tumor necrosis factor ␣, or ␤-chemokines in sera was found in the immunized mice (data not shown), we can also exclude the possibility that that the antitumor activity may result from a nonspecifically augmented immune response.
In the present study, we found that mice depleted of CD4 ϩ T lymphocytes by the injection of anti-CD4 mAb and vaccinated with Xenopus VEGF were not protected from tumor challenge. At the same time, mice depleted of CD4 ϩ T lymphocytes did not develop detectable autoantibodies against VEGF. In contrast, treatment with anti-CD8 or anti-NK mAb or control IgG failed to abrogate the antitumor activity. These findings suggest that the induction of the autoantibody response to VEGF, which is responsible for Xenopus VEGF-induced antitumor activity, may involve CD4 ϩ T lymphocytes. It is known that CD4 ϩ T lymphocytes can steer and amplify immune responses through the secretion of cytokines and expression of surface molecules (37, 38) . It has been reported that antitumor immunity could be induced by DNA immunization against human gp75͞tyrosinase-related protein-1 or tyrosinase-related protein-2 (the slaty locus protein) and has depended on CD4 ϩ T lymphocytes in melanoma models (39) (40) (41) . For the antibody-dependent immunity, CD4 ϩ T lymphocytes can be required at the immunization phase as well as at the effector phase (42) . Furthermore, CD4 ϩ T lymphocytes have been reported to be required for the induction of antitumor immunity by vaccination with a recombinant vaccinia virus encoding self tyrosinase-related protein 1 in a mouse melanoma model (42, 43) . In addition, it has been reported that CD4 ϩ T lymphocytes play a prominent role in classic mouse models of autoimmunity, such as experimental allergic encephalitis, systemic lupus erythematosus, and autoimmune gastritis (44) (45) (46) (47) . These findings may help explain the requirement for CD4 ϩ T lymphocytes in the induction of autoimmune response against mouse VEGF in a crossreaction. Direct i.m. injection of naked plasmid DNA can induce a strong, long-lived immune response to the antigen encoded by the gene vaccine (48, 49) . Gene transfer into muscle is simple, inexpensive, and safe (48) (49) (50) . Cancer gene therapy using plasmid DNA is undergoing evaluation in clinical trials (50) . In the present study, DNA vaccine based on Xenopus VEGF as an antigen could induce not only protective but also therapeutic antitumor activity in several tumor models in mice without adverse effects, as mentioned above. In addition, it has been known that the Xenopus homologue of VEGF is 75% and 73% identical in mouse VEGF 164 and human VEGF 165, respectively, at the amino acid level. Furthermore, the antibodies induced with XVEGF-p recognized not only mouse VEGF but also human VEGF. The findings mentioned above suggest that a XVEGF-p vaccine may have potential application to the treatment of cancer patients.
Taken together, our findings may provide a vaccine strategy for cancer therapy through the induction of an autoimmune response against self molecules for tumor growth in a crossreaction by immunization with a single xenogeneic homologous gene. This vaccine strategy may be used to target other growth factors or their receptors associated with tumor growth. This suggestion is also supported by our unpublished data that a vaccine based on VEGF receptor isolated from quail can induce an antitumor effect through autoimmunity against tumor endothelium in mouse, and that a vaccine based on EGF receptors from the fruit fly Drosophila melanogaster or avian EGF receptors can induce autoimmunity against EGF receptor-positive tumors in mouse models. Many counterparts of human genes can be identified from the genome sequence of D. melanogaster and of other animals such as X. laevis (4, 16) . Thus, overcoming immune tolerance of self molecules involving angiogenesis or tumor cell proliferation with xenogeneic counterparts may be of importance to the further exploration of the applications of xenogeneic homologous genes identified in human and other animal genome sequence projects in cancer therapy.
